Primary non-Hodgkin's lymphoma of bone (PNHLB) is a rare disease comprising approximately 4 to 5% of extranodal lymphomas (1, 2) and Ͻ1% of all non-Hodgkin's lymphomas (1) . Clinically defined as "lymphoma presenting in an osseous site with no evidence of disease elsewhere for at least six months after diagnosis," it was first established as a clinical entity in 1939 (3) . The majority of PNHLB have been more recently characterized as diffuse large B-cell lymphomas (DLBCL) using the REAL classification (4, 5) . Although many studies have reported the clinical, radiologic, and histopathologic parameters of PNHLB, few have addressed the molecular features to any significant extent (1, 4, 6 -10) , likely because of their rarity and the paucity of tissue available in small biopsy specimens. Only a single case report of PNHLB has included molecular studies to detect clonal immunoglobulin heavy-chain (IgH) gene rearrangements (11) , whereas another describes other common gene rearrangements found in DLBCL (12) . Immunophenotyping of PNHLB with either immunohistochemistry or flow cytometry has been performed, but few of these studies have included evaluation of BCL-2 or p53 protein expression, which have been implicated as prognostic indicators in nodal and extranodal DLBCL (13, 14) . The histogenetic derivation of primary bone lymphomas is unknown, and the analysis of germinal-center B-cell-associated expression of BCL-6 (15) and other markers used to subclassify DLBCLs has not been reported in PNHLB. Moreover, occurrence of anaplastic large-cell lymphoma (ALCL) of either T-/null-or B-cell phenotype has been reported (5, 16 -18) ; however, the incidence of ALK-1 expression has been studied in only a subset of those studies (5, 18) .
In this report, we describe 20 cases of primary large B-cell lymphoma (PLBCL) of bone diagnosed and treated at a single institution over a 3-year interval. Molecular analysis demonstrated clonal rearrangement of the immunoglobulin heavy-chain gene in 72% of cases without evidence of a bcl-2/JH gene rearrangement.
MATERIALS AND METHODS

Cases
Paraffin blocks and clinical histories from 23 patients presenting with primary bone and associated soft-tissue lesions were retrieved from the archives of Mount Sinai Hospital, Toronto, Ontario, Canada, a referral center for patients with bone tumors. All cases were diagnosed and treated at Mount Sinai Hospital during the period between 1995 and 1998. Only cases fulfilling the criteria for diagnosis of primary lymphoma of bone (bone lesion Ϯ local soft tissue component as primary site of presentation without evidence of disease elsewhere within a 6-month period) were included in the study. Clinical features including sex, age, and anatomic location were evaluated.
Histologic and Immunophenotypic Studies
Histologic sections were prepared from 10% formalin-fixed or B5-fixed, paraffin-embedded tissues. All sections were stained with hematoxylin and eosin and studied by light microscopy. Immunohistochemical stains were performed on formalin-fixed, paraffin-embedded tissue using the avidin-biotin technique with diaminobenzidine as a chromogen and standard manual methods or an automated immunostainer (DAKO Stainer, Missisauga, Ontario, Canada) (19) . Tissue sections were stained with monoclonal antibodies: CD45, CD20, CD43, CD30, BCL-2, p53, BCL-6, ALK-1, and MIB-1 (Ki-67). Appropriate positive and negative controls were performed for all antibodies. The source of antibodies used was as follows: anti-CD20 (L26, Becton Dickinson, Mountain View, CA); anti-CD45 (DAKO); anti-CD43 (DFT1, DAKO); anti-CD30 (BerH2, DAKO); anti-BCL-2 (124, DAKO); anti-p53 (D07, Novocastra, Burlington, Ontario); anti-BCL-6 (DAKO); anti-ALK-1 (DAKO); and anti-MIBI (Ki-67, DAKO).
Interpretation
Lymphomas were classified using morphologic and immunohistochemical criteria described in the Revised European-American Lymphoma Classification (20) . All cases were independently assessed by three hematopathologists (MSL, DH-C, BF). Immunohistochemical studies were evaluated as follows. For CD20, BCL-6, BCL-2, and CD30: (Ϫ), no staining; (ϩ), 0 to 50% positive; and (ϩϩ), Ͼ50% positive. For p53: (ϩ), 0 to 25% positive; (ϩϩ), 26 to 50% positive; and (ϩϩϩ), Ͼ50% positive. For MIB1: (ϩϩ), 0 to 50% positive and (ϩϩϩ), Ͼ50% positive. A T-cell lymphoblastic lymphoma, a B-cell small lymphocytic lymphoma, and an anaplastic myeloma were excluded from the subsequent studies because long-term clinical followup was not available to confirm their primary bone origin.
Molecular Studies
Genomic DNA was extracted from 10-m-thick paraffin-embedded sections using standard protocol (21) . Sections of paraffin-embedded tissue were deparaffinized with xylene for 30 minutes, then dehydrated with 100% and 70% ethanol for 20 minutes each, followed by washing with dH 2 0 twice and digested with proteinase K at 42°C overnight. The digested DNA solution was then boiled for approximately 10 minutes to inactivate proteinase K. Immunoglobulin heavy-chain gene (IgH) rearrangements were evaluated by polymerase chain reaction (PCR) using VH region Framework 3 (Fr3A) consensus primer and a JH consensus primer as reported elsewhere (22) . Primer sequences for IgH-PCR were JH (5'-ACC TGA GGA GAC GGT GAC C-3') and Fr3A (5'-ACA CGG CTA TGT ATT ACT GT-3'). The PCR reaction mixture consisted of 0.5 g (approximately 30 pmol) of each oligonucleotide primer, 1 L of sample DNA (1/50 dilution of the DNA digestion solution), 1 unit of Taq Polymerase Gold, 2.5 mM Tris (pH 8.3), 2.5 mM KCl, 3 mM MgCl 2 , and 0.5 mM of dNTP Mix (PerkinElmer Life Sciences, Inc., Boston, MA) at a total volume of 25 L. The PCR protocol consisted of an initial denaturation step of the reaction mixture at 96°C for 10 minutes, followed by 40 cycles of denaturation at 96°C for 30 seconds, annealing of the primer at 60°C for 30 seconds, and extension of the DNA at 72°C for 30 seconds. Final extension of the DNA was performed at 72°C for 5 minutes.
Analysis of bcl-2/IgH gene rearrangement was assessed at the major breakpoint region (MBR) and the minor cluster region (MCR) as described elsewhere (23, 24) . Amplification of DNA flanking the bcl-2/JH breakpoint was performed by PCR using a consensus JH (5'-ACC TGA GGA GAC GGT GAC C-3') and MCR (5'-GAC TCC TTT ACG TGC TGG TAC CC-3') and MBR (5'-ACC TGA GGA GAC GGT GAC CAG GGT-3'). The amplification conditions for MBR/JH and MCR/JH PCR were as follows: an initial 96°C for 10 minutes, followed by 40 cycles at 96°C for 0.5 minutes, at 60°C for 30 seconds, and at 72°C for 30 seconds, followed by final extension at 72°C for 5 minutes. The reaction contained 0.5 g (approximately 30 pmol) of each oligonucleotide primer, 1 L of sample DNA (1/50 dilution of the DNA digestion solution), 1 unit of Taq Polymerase Gold, 2.5 mM KCl, 3 mM MgCl 2 , and 0.5 mM of a dNTP Mix (Perkin-Elmer) at a total volume of 25 L. The amplified PCR product for MBR is 600 -620 bps, and for MCR, 500 -560 bps.
The PCR products were electrophoresed in 1.5% Synergel (Diversified Biotech, Boston, MA) containing 0.5 g ethidium bromide per milliliter and photographed under ultraviolet light. Appropriate precautions were used to prevent contamination of PCR reactions, including physical separation of the PCR setup from product analysis. The negative control in each amplification experiment was DNA from human placenta, and the positive control was the DNA from previously confirmed positive case.
RESULTS
Clinical Features
The clinical features of the 20 patients are summarized in Table 1 . Patients ranged in age from 25 to 86 years (mean, 56.5 y), with 17 males and 3 females (male-female ratio of 5.7:1). The sites of involvement included femur (4 cases), humerus (8 cases), pelvis (6 cases), and miscellaneous (4 cases). Multifocal bone involvement was noted in two cases. Patients 1 and 7 presented with recurrences involving different bone sites.
Histologic and Immunohistochemical Features
The histologic and immunophenotypic characteristics of the 20 large B-cell lymphoma cases are summarized in Table 1 and presented in Figures 1 to 2. The remaining cases consisting of a precursor T-lymphoblastic lymphoma, a B-cell small lymphocytic lymphoma/chronic lymphocytic lymphoma, and an anaplastic myeloma were excluded from further studies. Eighteen of the large B-cell lymphoma cases demonstrated centroblastic morphology with multilobated nuclei (Figs. 1A and 2A) in 13 (75%) cases, whereas one (5%) demonstrated immunoblastic morphology with round nuclei, abundant amphophilic cytoplasm, and single prominent eosinophilic nucleoli (Fig. 1B) . One case demonstrated anaplastic features with a prominent neutrophilic infiltrate (Fig. 1C) with multilobulated nuclei and abundant granular cytoplasm. There was diffuse strong immunoreactivity for CD30 (Fig. 1D ). CD15 and ALK-1 were negative in this tumor, and it was considered to be a DLBCL with anaplastic features. The tumor expressed BCL-2 but was BCL-6 negative. All cases expressed CD20 or CD79a (data not shown).
Within the large B-cell lymphomas, strong diffuse nuclear expression of BCL-6 (Fig. 2B ) was seen in Ͼ50% (ϩϩ) of the tumor cells in 6 of 20 (25%) cases.
Strong (Ͼ50%; ϩϩ or ϩϩϩ) BCL-2 (Fig. 2C) expression was seen in 11 of 20 (55%) LBCLs. There was moderate to strong (ϩϩ and ϩϩϩ) expression of p53 (Fig. 2D) 
Molecular Features
The molecular data are summarized in Table 1 , and the results of IgH-PCR analysis are shown in Figure 3 . ␤-globin-positive DNA was available in 18 cases. In two cases (Case 12 and Case 21), no amplifiable DNA was obtained. IgH-PCR demonstrated a dominant band indicative of a clonal B-cell population in 13 of the 18 cases analyzed. All cases were negative for bcl-2/JH gene rearrangement by PCR (data not shown) using MBR and MCR primers. Two of six BCL-6 -positive cases were negative for IgH gene rearrangement.
DISCUSSION
PNHLB was first established as a clinical entity when Parker and Jackson described it as "reticulum cell sarcoma" (3). PNHLB is rare and can involve any bony site, but the most common sites of involvement are long bones of the extremities, flat bones of the shoulder and pelvis, and remaining axial skeleton and cranial and jaw bones, in descending order of frequency (4, 9, 10). The malefemale ratio ranges from 1.0 to 2.4:1 in many large studies in the United States (1, 5, 25) . Male children also appear to be affected more frequently, with a 6:1 ratio. The age range is 1 year and 6 months to 86 years old, with median age range from 36 to 52 years old. The lesions are usually osteolytic and localized but may involve more than one site.
Symptoms usually include bone pain and possibly a palpable mass or pathologic fracture, without B symptoms. Estimated long-term survival ranges from 50 to 90%. Although the cases included in this study were from adult patients ranging in age from 25 to 86 years, the male-female ratio, sites of involvement, and presentations are similar to those reported in the literature.
PNHLB have been described as morphologically heterogeneous, and the overwhelming majority of cases have been characterized as B-cell lineage by immunohistochemical techniques (10, 25) . Between 69 and 100% of cases have been reported as DLBCL (4, 5, 26) using the REAL classification. Despite numerous reports describing clinicopathologic features of PNHLB, few studies have characterized this group of neoplasms at the immunophenotypic and molecular level. In this study, we analyzed the immunophenotypic and molecular features of 20 cases of PNHLB and compared them with those of DLBCLs occurring in nodal and other extranodal sites. Similar to results of previous studies, there was a preponderance of DLBCLs that was established by morphologic, immunophenotypic, and molecular techniques. Similar to the case of previous reports, a large proportion of our cases exhibited nuclear multilobation (25) . No correlation was found between nuclear multilobation and p53, BCL-2, or BCL-6 expression.
To determine possible germinal center derivation of these lymphomas, we performed immunohistochemical studies for BCL-6. The BCL-6 gene encodes a zinc-finger protein that controls germinal center B-cell proliferation and differentiation (27) and is expressed in most normal and neoplastic counterparts of the germinal-center B cell (15, 28 -31) . Strong nuclear BCL-6 expression was observed in 6 of 20 cases. The expression of BCL-6 in this subset is supportive of their follicle center origin. CD10 is another antigen that is expressed in neoplastic follicular lymphoma cells. Several reports have demonstrated, however, that only 50% of large B-cell lymphomas, including those arising from bone (32), express CD10 (33, 34) , suggesting that it may not be a sensitive marker for cells of germinal center derivation. Another item of potential evidence to support their follicle center origin would be the presence of ongoing somatic mutations of the IgH variable region gene (35) . The absence of IgH gene rearrangement in two of the BCL-6 -positive cases provides further support for their follicle center origin. However, a detailed molecular analysis of immunoglobulin genes in this group of large-cell lymphomas would provide more information regarding their relationship to the germinal center. Genetic alterations involving bcl-2 and p53 have been implicated in the pathogenesis of aggressive B cell lymphomas (13) , and their expressions serve as important indicators of overall and disease-free survival (36) . To determine whether these oncoproteins were involved in the pathogenesis of PLBCL of bone and to compare them with those seen in nodal and other extranodal DLBCLs, we determined the presence of bcl-2/JH gene rearrangements as well as expression of BCL-2 and p53 by immunohistochemistry. Strong BCL-2 expression was seen in 11 of 20 (55%) cases in the absence of a bcl-2/JH gene rearrangement. The current data support the existence of alternate mechanisms for BCL-2 protein up-regulation in PLBCL of bone, similar to a subset of nodal cases (37) . This is supported by other studies that reported that although bcl-2/JH gene rearrangements occur in 17 to 39% of nodal DLBCLs, they are a relatively rare event in extranodal DLBCLs (36) . An inverse relationship between BCL-2 and BCL-6 protein expression has been described in the normal secondary follicle (15) , whereas in DLBCLs, this relationship is lost (31) . Our data showing six cases of PLBCL of bone that demonstrated BCL-2 and BCL-6 co-expression are consistent with that observation and further supports their follicle center derivation.
The p53 tumor suppressor gene product is expressed in 20 to 50% of diffuse, aggressive B-cell lymphomas (13, 14) . Its protein expression in lymphomas is associated with histologic transformation (38, 39) , treatment failure, and poor outcome irrespective of its mutational status (40) . In our study, p53 protein was expressed in the majority (16 of 20; 5 with ϩ expression, 11 with ϩϩ to ϩϩϩ expression; 80%) of our cases, supporting its role in the pathogenesis of this group of neoplasms. Its role as a prognostic indicator, however, remains to be determined.
An inverse relationship between p53 and BCL-2 protein expression has been described in follicular lymphoma and primary gastric lymphoma (41). Other studies have described co-expression of BCL-2 and p53 in follicular lymphomas, in highgrade lesions, and in cases undergoing transformation more often expressing p53 protein and demonstrating molecular evidence of both bcl-2/JH gene rearrangements and p53 mutation (39) . In addition, down-regulation of BCL-2 by mutant p53 has been described in breast cancer (42) and may account for their inverse relationship in follicular lymphomas. In our series, all cases demonstrating BCL-2 expression co-expressed p53. Although the prognostic significance of this observation is unknown, it does highlight the presence of multiple molecular aberrations characteristic of these neoplasms. This is also corroborated by the acquisition of BCL-2 and p53 expression in the recurrent tumor of Case 7 and of BCL-2 and BCL-6 expression in the recurrence of Case 1.
Our study of IgH gene rearrangements and bcl-2/JH rearrangements demonstrates that although the majority (72%) showed IgH gene rearrangements, no case showed a bcl-2/JH rearrangement by PCR. The absence of bcl-2/JH rearrangement in all of the cases is surprising, although others have seen a similarly rare occurrence (4%) of bcl-2/JH translocations in extranodal DLBCLs (36) . This may indicate that PLBCL of bone may be genetically distinct from nodal DLBCLs but similar to those arising from other extranodal sites.
Finally, one CD30ϩ DLBCL exhibited classic anaplastic morphology with a neutrophil-rich background. The absence of ALK-1 expression in this case would support the notion that it represents a morphologic spectrum of DLBCLs (43) . No T-cell or null-cell ALCLs were seen in our cases, in contrast to results from a recent study of 13 solitary bone lymphomas (5), of which three (23%) were T-cell or null-cell ALCLs. Our data also support the previous observation that T-cell or null-cell ALCLs are relatively uncommon primary tumors of bone, although CD30ϩ DLBCLs with anaplastic features can be seen. In summary, we described 20 PNHLBs, the majority of which are DLBCL by immunophenotype and molecular studies. Molecular analysis of PLBCL of bone, which has been previously unreported, demonstrated IgH chain gene rearrangement and absence of bcl-2/JH gene rearrangement in the majority of cases, suggesting molecular distinction from nodal follicle center-derived neoplasms. Similar to the case with DLBCLs of other extranodal and nodal sites, overexpression of BCL-2, BCL-6, and p53 occur frequently in PLBCL of bone and may have a role in their pathogenesis.
